Background: Nuclear receptors are essential players in the development of all metazoans. The nematode Caenorhabditis elegans possesses more than 200 putative nuclear receptor genes, several times more than the number known in any other organism. Very few of these transcription factors are conserved with components of the steroid response pathways in vertebrates and arthropods. Ftz-F1, one of the evolutionarily oldest nuclear receptor types, is required for steroidogenesis and sexual differentiation in mice and for segmentation and metamorphosis in Drosophila.
Introduction
Nuclear receptors are vital for development, reproduction and many aspects of physiology from vitamin and lipid metabolism to behaviour (Mangelsdorf et al. 1995) . These specialized transcription factors are found in organisms that range from the simplest Metazoa (cnidarians) to mammals, but are absent from lower eukaryotes (Escriva et al. 1997) . Most of the structural subclasses of nuclear receptors (Laudet 1997 ) existed before deuterostomes had evolved, as exempli®ed by their conserved Ftz-F1/SF-1 counterparts in insects and vertebrates. Whether some of the roles of these molecules also remained conserved in the diverging animal phyla is a challenging problem that requires comparative studies on phylogenetically distant organisms (Ruvkun & Hobert 1998) . To address this, we chose the nematode Caenorhabditis elegans as the simplest genetically tractable organism possessing nuclear receptors.
Strikingly, mutants of only ®ve of the enormous 249 nuclear receptor genes predicted in C. elegans (Miyabayashi et al. 1999 ) have been identi®ed. Of these, odr-7 (Sengupta et al. 1994) , unc-55 (Zhou & Walthall 1998) and fax-1 (Wightman et al. 1997 ) function in speci®c neurones, daf-12 in the progression of larval stages (Antebi et al. 1998 ) and sex-1 in sex determination (Carmi et al. 1998) . RNA-mediated interference (RNAi) revealed functions of two additional members, of which nhr-2 is required during embryogenesis (Sluder et al. 1997 ) and nhr-23 for moulting (Kostrouchova et al. 1998) . Interestingly, ®ve of these seven functionally characterized nuclear receptors are conserved between C. elegans and other animals .
We have focused on another type of nuclear receptor conserved in C. elegans, the ancient subfamily Ftz-F1 (Laudet 1997) . The roles of Ftz-F1-like proteins in vertebrates and insects appear quite different (Summary ®gure). Mammalian SF-1 directs sexual differentiation and steroid hormone synthesis in primary steroidogenic tissues (reviewed by Parker & Schimmer 1997) . SF-1 de®cient mice fail to develop male gonads, adrenal glands and speci®c brain regions, and die soon after birth (Luo et al. 1994; Ikeda et al. 1995; Sadovsky et al. 1995) . In Drosophila, an aFtz-F1 isoform is required maternally for proper segmentation. Alternate segments are deleted in ftz-f1 mutant embryos in a pair-rule fashion, as they are in mutants for the homeodomain protein Fushi tarazu (Ftz) (Wakimoto et al. 1984) , with which Ftz-F1 interacts (Guichet et al. 1997; Yu et al. 1997) . A postembryonic isoform bFtz-F1 is expressed under ecdysteroid (insect moulting hormone) control and plays a critical role in metamorphosis (Woodard et al. 1994; Broadus et al. 1999) .
Nematodes and insects develop differently in many aspects, one being the apparent absence of segmentation, while sharing some intriguing similarities, notably the periodic replacement of cuticle at larval moults. Nematodes and arthropods have been recently placed under the newly de®ned clade`Ecdysozoa' and moulting is thought to be of a monophyletic origin (Aguinaldo et al. 1997) . Several constituents of the ecdysteroid response pathway in insects are members of the nuclear receptor family, including the ecdysone receptor complex EcR/Usp (Yao et al. 1992 (Yao et al. , 1993 Thomas et al. 1993) , DHR3, DHR38, bFtz-F1 and others, and at least some are known to be involved in moulting or cuticle synthesis in Drosophila Murata et al. 1996; Hall & Thummel 1998; Kozlova et al. 1998; Schubiger et al. 1998; Broadus et al. 1999) . While orthologs of the EcR and usp genes are missing in C. elegans, some of the downstream components of the ecdysteroid cascade are conserved , suggesting that they might regulate cuticle synthesis and moulting in the worm. Thus far only nhr-23, an ortholog of the insect ecdysteroidinduced DHR3 genes (Koelle et al. 1992; Palli et al. 1992; Carney et al. 1997) , has been directly linked with C. elegans moulting (Kostrouchova et al. 1998) .
In this paper, we have examined the expression and developmental roles of the closest ftz-f1 relative in C. elegans, systematically designated nuclear hormone receptor 25 (nhr-25). Disruption of the gene with a short deletion caused an embryonic arrest. nhr-25 RNA interference, in addition to con®rming the mutant phenotype, disrupted moulting and the formation of gonad and vulva. These results present the ®rst direct evidence for a role of a Ftz-F1-like molecule in C. elegans development. (Lavorgna et al. 1991) . The DBD consists of zinc ®ngers and a Ftz-F1 box (Ueda et al. 1992) , characteristic of this nuclear receptor class. The search yielded a cosmid F11C1, overlapping with terminally sequenced cDNAs of the Y. Kohara EST project (NIG, Japan), clones yk342d8 and yk175f2. These sequences correspond to an X-linked gene, systematically designated nhr-25. We completed the cDNA sequencing, con®rming the splicing pattern (Fig. 1A ) and the 572-amino acid coding sequence predicted by the GENEFINDER program. The ®rst predicted methionine is immediately preceded by a stop triplet and is within a context close to the C. elegans initiation consensus (Blumenthal & Steward 1997) . Figure 1B shows comparison of the deduced NHR-25 sequence with selected representatives from insects and vertebrates. NHR-25 is most similar to insect Ftz-F1 from Drosophila and the silkworm Bombyx mori in both the zinc ®ngers and the Ftz-F1 box. The vertebrate sequences are products of three distinct types of genes: the steroidogenic factors (SF-1) and two groups of liver-speci®c transcription factors, one activating the a-fetoprotein gene (FTF; Galarneau et al. 1996) , and the other regulating a cytochrome hydroxylase gene (CPF; Nitta et al. 1999 ) and hepatitis B virus (B1F; Li et al. 1998) expression. Interestingly, FTF and CPF/B1F show a greater similarity to NHR-25 in the conserved regions II and III of the ligandbinding domain (LBD) than does SF-1 (Fig. 1B) . Signi®cant conservation (41±47% amino acid similarity) is also found in a 15-amino acid region near the carboxyl end, corresponding to the activation domain AF-2 of some steroid receptors (Danielian et al. 1992) .
nhr-25 expression patterns
In situ hybridization in wild-type animals detected maternal mRNA that was evenly distributed in the early embryo (Fig. 2A±C) . By about 120 min after ®rst cleavage, zygotic mRNA expression began in the progeny of the E cell, the founder of intestine, then progressed into the posterior hypodermal precursors (Fig. 2D±F) . Starting from the comma stage, the mRNA expression localized to the hypodermis and intestine ( Fig. 2G±I ), where it continued during early larval stages (Fig. 2J ). The most striking result of the in situ hybridization was a strong expression in the developing and adult germ-line (Fig. 3) . The mRNA appeared in the primordial gonads of L2-L3 larvae ( Fig. 3A ) and continued to accumulate in the gonadal loops as they expanded in L4 (Fig. 3B ). The adult gonad was loaded with the transcript (Fig. 3C) . In contrast to the gonad, the mRNA expression declined in the rest of the body past L2 stage.
nhr-25 expression was further examined via transformation with nhr-25::GFP constructs A, A NLS , and B NLS (Fig. 1A) . Constructs A and A NLS comprised a 3.6-kb nhr-25 genomic fragment including the complete exons 1 and 2, the ®rst two introns and the ®rst 39 bp of exon 3, fused to GFP. The introns and exons were included to report any regulatory effect these sequences might have on nhr-25 expression. Regardless of the presence or absence of the SV40 nuclear localization sequence (NLS),¯uorescence was localized to the nuclei. Construct B NLS contained only the ®rst six amino acids of NHR-25 (Fig. 1A) .
The expression of GFP fusions A, A NLS and B NLS practically mirrored the pattern that was seen from in situ hybridization during early embryonic development (Fig. 4) . It ®rst appeared in the four descendants of the E cell and later in derivatives of the ABp and C blastomeres, i.e. cells assuming hypodermal fate (Fig. 4A±C ). The expression continued in the hypodermis (but not in the gut) throughout the remainder of the embryogenesis (Fig. 4D±F) . In L1 larvae, the strongest GFP signals were observed in the seam cells and the pharyngeal and tail hypodermis ( Fig. 4G ,H). We also noted expression in the excretory duct cell.
Constructs A and A NLS were only active in early larvae (no GFP was detected beyond L2), consistent with the decline of mRNA in L3 and older worms ( the hypodermis of later stages (Fig. 4I) . None of the constructs showed expression in the gonad, revealed by in situ hybridization (Fig. 3) , as GFP reporters are normally silenced in the germ-line.
We ®nally tested construct C, encompassing the entire nhr-25 coding sequence and including all but the last intron (Fig. 1A) . Unfortunately, transformation with this plasmid caused an early developmental arrest, such that none of the embryos showing GFP¯uores-cence hatched. This could be due to over-expression of the functional NHR-25, as suggested by negative effects of a similar full-length fusion with another nuclear receptor NHR-82 (Miyabayashi et al. 1999 ).
Isolation and phenotype of an nhr-25 deletion mutant
We screened for nhr-25 mutants based on the combined effects of trimethylpsoralen (TMP) and UV radiation, followed by the PCR detection of deletions within the nhr-25 sequence. A single deletion allele of 2389 bp (D2389) was found after screening 24 000 genomes. Sequencing of the PCR product showed that the DNA between nucleotide 213 of intron 1 and nucleotide 187 of intron 7 had been deleted (Fig. 1A) . This removed the coding region from Gly 40 in the P-box of the ®rst zinc ®nger motif to Ser 377 in the middle of the conserved region II within the LBD. Exons 1 and 8 are in the same reading frame, so this deletion might generate a shortened protein with preserved NHR-25 terminal structures. This potential mutant protein should lack its DNA-binding capacity (Ueda et al. 1992) , suggesting that this allele is null.
The effect of the mutation was ®rst seen in nhr-25(D2389)/worms, identi®ed using PCR with primers Fw3 and Rev4. On average, 24.2 6 3.1% of eggs laid by 13 heterozygotes in 4 days failed to hatch (n 2424), indicating that the nhr-25 mutation is embryonic lethal. To establish a genetic stock without introducing an embryonic lethal balancer, nhr-25(D2389)/worms were crossed with males hemizygous for a¯r-1 allele (ut11) (Katsura et al. 1994) , which is closely linked with nhr-25. Consistent with the previous result, 28.7 6 5.5% of embryos from nhr-25(D2389)/¯r-1 hermaphrodites did not hatch, showing that¯r-1 did not worsen the nhr-25(D2389) effect. The remaining progeny consisted of normal heterozygous and slow growing¯r-1 progeny. The presumed nhr-25(D2389) homozygous embryos developed without visible abnormalities until at least 200 min after ®rst cleavage. They arrested at the 1.5 to 2-fold stage and their posterior ends were disorganized and failed to elongate (Fig. 5) . Formation of the pharynx structure was seen and gut granules localized in the posterior half.
The embryonic lethality was partially rescued with a plasmid carrying an XbaI-SpeI nhr-25 genomic fragment (Fig. 1A) . This DNA was co-injected into nhr-25(D2389)/¯r-1 worms with a plasmid carrying rol-6(su1006) but since no Rol line could be selected, the rescue was scored directly in F1. Compared to untreated mutants with 25% embryonic lethality, only 12.2 6 4.3% embryos from 10 injected parents failed to hatch (n 384). The rescued nhr-25(D2389) larvae died early and so their numbers were dif®cult to score. The rescue was insuf®cient to produce homozygous nhr-25(D2389) adults, as we failed to detect those using PCR. To con®rm the loss-of-function phenotype of the mutation in an independent way, we employed RNA interference (see below).
Effects of RNA interference
The broad expression of nhr-25 detected by in situ hybridization in post-embryonic stages suggests a role for the gene in larvae and adults. Since our mutant screening produced a single embryonic lethal allele, we performed RNAi to reveal the later effects of the loss of nhr-25 function. We injected 12 wild-type adults with double stranded (ds) nhr-25 cRNA and scored the survival of their offspring over two time intervals (Table 1 ). In eggs laid between 14 and 19 h after injection, an average of 44% embryos failed to hatch. Their appearance was essentially identical to the terminal phenotype of the nhr-25(D2389) homozygotes shown in Fig. 5 .
Around 25% of the progeny died as L1-L2 larvae. This lethal phase correlates with the expression of nhr-25 mRNA and constructs A and A NLS (Figs 2±4). The larvae had severe defects in moulting and formation of the integument (Fig. 6A±C) . The integrity of their surface was disturbed, probably due to incomplete cuticle synthesis. Old cuticle remained attached to various body parts. The tail also failed to develop properly in many larvae (Fig. 6C) .
The remaining 31% of the progeny formed mostly sterile hermaphrodites with combinations of defects, summarized in Table 1 . Virtually all the animals showed malformations of the gonad, detectable as early as stage L3 when the gonad begins to grow. Instead of extending along the body axis, the gonad grew like a tumour, containing an abnormally large number of small nuclei (Fig. 7) . When present, the gonad arms were often thin, and in some animals only one arm formed or two arms extended posteriorly (Fig. 7C) . The second most frequent defect was the absence of vulva or formation of an abnormal protruding vulva (Fig. 7B,E) . Finally, 73% of adults had deformed tails (Fig. 7E) .
In summary, the observed defects were reproducible and in a good agreement with nhr-25 expression and its timing in the hypodermis and gonad. All of the above described defects were also observed in the later egg collection (19±43 h after injection), only with reduced penetrance (Table 1 ; not quanti®ed for adult phenotypes). In contrast, injections of equal concentrations of anti-sense nhr-25 cRNA caused little damage, except for the formation of protruding vulvae (Table 1) .
Dominant-negative effects of nhr-25::GFP constructs
Dominant-negative effects have been reported for GFP fusions with several nuclear receptors or their DBDs in C. elegans (Kostrouchova et al. 1998; Miyabayashi et al. 1999) . By truncating the NHR-25 DBD within the second zinc ®nger in constructs A and A NLS (Fig. 1A) , we aimed to avoid DNA-binding and thus any such negative action. Nevertheless, both A and A NLS exerted adverse effects on the development of two transgenic lines (data not shown). The most frequent defect was the absence of vulva, a phenotype similar to the effect of RNAi. However, the vulvaless animals were fertile, such that progeny hatched inside of the parent (bag-ofworms). We scored this phenotype in GFP-positive worms that had been selected as L1 larvae (because the expression of A constructs is undetectable at later stages) and grown to adulthood. On average, 65% adults carrying either transgene were of the bag-of-worms phenotype (Table 2) .
To support the idea that the egg-laying defect was due to a compromised nhr-25 function, we injected construct A into nhr-25(D2389)/¯r-1 worms. This enhanced the bag-of-worms phenotype in their F1 heterozygous progeny from 64 to 81% (Table 2 ). To determine if this effect was caused by the NHR-25 coding sequence, N2 worms were transformed with the B NLS construct (Fig. 1A) . The egg-laying defects were again observed, albeit at a lower frequency (Table 2) . These effects may be speci®c, as egg laying was not affected in another transgene mbf1::GFP, strongly expressed in the hypodermis (unpublished results). Whether the extrachromosomal nhr-25 constructs act by silencing the endogenous NHR-25 expression will be tested when an NHR-25 antibody becomes available.
Discussion

nhr-25 is essential for embryogenesis
Inactivation of nhr-25 function either by a mutation deleting the essential regions of nhr-25 or by RNAi caused embryonic lethality. The introduction of an nhr-25 plasmid into the (D2389) mutants partially restored hatching, indicating that the embryonic lethal phenotype is due to a loss-of-function of nhr-25. Incomplete rescue may be due to the detrimental effects of excessive copies of a functional gene or to the mosaic partition of the extrachromosomal array during development. nhr-25 is expressed in embryonic epithelial cells. Although early descendants of the E blastomere are the ®rst cells to express nhr-25, this expression seems to be transient and is soon followed by lasting expression, mainly in the progeny of ABp and C cells, forming the hyp7 syncytium, seam and other hypodermal cells (Sulston et al. 1983) . Consistent with the nhr-25 expression in hypodermal cells, both the nhr-25(D2389) mutant and RNAi affected embryos failed to elongate, arresting at the 1.5-fold q Blackwell Science Limited Figure 7 RNAi affects gonadal development and adult morphology. Gonads of RNAi-treated animals undergo tumorous growth since L3 and L4 (A) and fail to elongate normally. Panel (C) shows an adult with abnormally thin gonadal arms extending in the same orientation. DAPI staining (D) reveals hyperplasia in the adult germ-line. Surviving adults often suffer from no vulva (E) or protruding vulva (B, arrow). Panel B shows that occasional oocytes are formed in these animals (arrowhead). Cuticle secretion is clearly affected and some animals also display deformed tails (E). See Table 1 for a summary of adult phenotypes. Except in D, anterior is to the left and ventral side down. Bars 50 mm in (E) and (C) (also applies to A, B), and 10 mm (D). Wild-type (N2) or nhr-25(D2389)/¯r-1 hermaphrodites were injected with the indicated plasmids shown in Fig. 1(A) . Egg laying defects (Egl), were scored as`bag-of-worms' phenotype in adults arizing from their GFP-positive progeny. *, only heterozygous progeny was scored and slow growing¯r-1 homozygotes were excluded.
stage. These embryos were not properly enclosed, showing extruding tissues, particularly at their posterior. This suggests that nhr-25 is required for the secretion of cuticle by the hypodermis. In situ hybridization shows strong expression in the germ-line and maternal deposition of the mRNA. Although dsRNA is known to interfere ef®ciently with maternal genes Montgomery et al. 1998) , we have not observed defects earlier than those seen in nhr-25(D2389) mutant embryos using RNAi. We assume that either suf®cient NHR-25 protein is also deposited into the eggs or that the maternal RNA is not essential.
Roles of nhr-25 in post-embryonic development and reproduction
Post-embryonic expression of nhr-25 suggests that this gene plays a role in larvae and adults. RNAi caused lethality in L1-L2 but not in older larvae, corresponding with nhr-25 expression and its decline in the hypodermis past L2 stage. Defects in cuticle replacement (moulting) and morphogenesis, consistent with the spatial expression, again point to an nhr-25 requirement in the hypodermis. Lesions and irregularities of the integument showed that not only the shedding of the old cuticle, but also synthesis of a new one were compromised.
Those larvae that reached L3-L4 instars usually formed sterile adults, invariably with tumorous gonad and often with a missing or abnormal vulva and deformed tail. Since we lack any genetic data about involvement of nhr-25 in pathways controlling gonad and vulva differentiation, it is dif®cult at this point to discuss how nhr-25 participates in these events. The hyperplasia of the RNAi-affected gonad shows that excessive mitoses occur in the germ-line. Similar gonad appearance results from loss of cul-1, a cullin gene necessary for cell cycle exit in C. elegans (Kipreos et al. 1996) . Unlike in cul-1, however, we have not found extra neurones in RNAi treated worms carrying the mec-7::GFP marker (Hamelin et al. 1992) , suggesting that nhr-25 is not a general regulator of the cell cycle. Similar defects of gonadal differentiation also result from mutations in the gon-1 metalloprotease gene, implicated in the shaping of extracellular matrix (Blelloch & Kimble 1999) . Gonad hyperplasia is also caused by a constitutive activation of the Notch relative GLP-1 (Berry et al. 1997) , required for signalling between the distal tip cell and the germ-line. We speculate that nhr-25, which is expressed strongly in the germ-line, might be a downstream component of such a pathway.
Contrasting with nhr-25 is Drosophila Ftz-F1, expressed in perhaps all organs except for the gonads (H. Ueda, personal communication). Consistently, ftz-f1 mutant phenotypes do not suggest defects in reproduction (Broadus et al. 1999) .
In the case of vulval development, nhr-25 expression in hypodermal vulva precursor cells may be required for their competence to form vulva. In this sense, bFtz-F1 has been shown to render Drosophila tissues competent to undergo changes in response to the ecdysteroid signal (Broadus et al. 1999) . The posterior end defects possibly result from faulty expression of cuticle constituents, such as the sqt-1 and rol-6 collagen genes (Kramer et al. 1988 (Kramer et al. , 1990 Park & Kramer 1994 ).
NHR-25 as a core regulator of moulting
Both arthropods and nematodes need steroids for moulting. In insects, precursors such as cholesterol are converted into ecdysteroids and used as extracellular signals to synchronize the moulting of distant body parts. In nematodes, the absence of dietary sterols compromises moulting (Coggins et al. 1985) . More directly, both sterol starvation and mutations in a megalinrelated protein LRP-1, which presumably mediates sterol endocytosis by hyp7 hypodermis, have been shown to prevent the shedding and degradation of the old cuticle at all C. elegans moults (Yochem et al. 1999) . Whether ecdysteroids are required for nematode moulting is not clear, as their synthesis from cholesterol has not been demonstrated (Chitwood 1992) .
In the epidermis of insects, moulting is regulated by ecdysteroids acting through an ecdysone receptor complex EcR/USP and a cascade of transcription factors, including bFtz-F1, on expression of stage-speci®c genes . bFtz-F1 is induced by an increase and a consequent decline of ecdysteroid titre (Sun et al. 1994) and is likely to control genes acting in cuticle formation (Hiruma et al. 1995) . In Drosophila, bFtz-F1 is necessary for metamorphosis (Woodard et al. 1994; Broadus et al. 1999) and for activation of at least one pupal cuticle gene EDG84A (Murata et al. 1996) . The importance of bFtz-F1 for the larval moult is suggested by a rescue of ftz-f1 mutants with heat shock induction of bFtz-F1 around the moulting period (H. Ueda, personal communication) . Expression of Drosophila bFtz-F1 is activated by another nuclear receptor, DHR3 (Kageyama et al. 1997; Lam et al. 1997) .
How can NHR-25 act in the moulting of C. elegans? Since NHR-25 and NHR-23 are conserved with Ftz-F1 and DHR3, it is possible that they are part of a pathway analogous to that which exists in insects. Signi®cantly, RNAi targeting of nhr-23 caused moulting defects (Kostrouchova et al. 1998 ) that were similar to those shown here for nhr-25. We are now preparing an antibody to test whether the genetic epistasis between nhr-23 and nhr-25 is the same as in Drosophila. However, the upstream part of this pathway is unclear, because C. elegans lacks orthologs of EcR and USP , which are thus far the only known receptors capable of conveying the ecdysteroid signal to gene expression. There is an alternative possibility that instead of being downstream of a steroid receptor, NHR-25 could mediate the conversion of dietary sterols to compounds active in moulting. Encouraging this idea is that Ftz-F1 type proteins direct steroid conversion in mammals (reviewed by Parker & Schimmer 1997) .
Our analysis of NHR-25 function suggests that the roles of ftz-f1 orthologs in Drosophila and C. elegans moulting are parallel (Summary ®gure) and supports the monophyletic origin of moulting (Aguinaldo et al. 1997) . We propose that Ftz-F1/NHR-25 and DHR3/ NHR-23 are the central, evolutionarily oldest regulators of genes executing cuticle replacement in all Ecdysozoa. While these orphan receptors are suf®cient to control the moulting program in small, simple forms such as C. elegans, the synchronized moulting of distant and diversi®ed body parts in arthropods demands coordination by an extracellular signal (a moulting hormone) and its receptor.
Experimental procedures
Nematode strains and culture C. elegans var. Bristol N2 (Brenner 1974) was the wild-type strain used in this study. Strain MT1401: /szT1[lon-2(e678)] I; nDf19/szT1 X (Ambros & Horvitz 1984) , obtained from the Caenorhabditis Genetics Center (Minnesota, USA) and strain¯r-1(ut11) (Katsura et al. 1994) were used for balancing of our nhr-25 mutant. Except during the mutant screening, worms were grown at 20 8C on the rich nematode growth medium (RNGM) agarose plates as described (Brenner 1974) .
DNA clones and sequence analysis cDNA clones yk342d8, yk175f2 and yk663g4 encoding NHR-25 originated from the Y. Kohara EST project (National Institute of Genetics, Japan). The genomic cosmid clone F11C1 was obtained from Alan Coulson at the Sanger Center (Cambridge, UK).
The cDNA clones yk342d8 and yk175f2 in pBluescript II-SK À were sequenced from the vector T3 and T7 primers and with several internal primers to verify their entire sequence. Sequencing reactions with the Perkin Elmer dye terminator system were resolved on an ABI 373 automatic sequencer. Deduced protein sequences were compared with the DDBJ/ GENBANK/EMBL databases using BLAST algorithms.
PCR and primers
All PCR reactions were performed on a Takara temperature cycler with the ExTaq (Takara) thermostable DNA polymerase, possessing the proofreading ability. The nhr-25 speci®c primers (forward and reverse) used in this study are listed below. 
Plasmid vectors and transformation of C. elegans
A 9315-bp XbaI-SpeI fragment of the F11C1 cosmid encompasses the nhr-25 sequence from nucleotide À3043 upstream of the ®rst methionine to nucleotide 1198 downstream of the polyadenylation site (Fig. 1A) . This fragment was subcloned into pBluescript II-KS À and used for the construction of nhr-25::GFP reporter fusions as follows. Constructs A and A NLS consisted of a PCR product of the T7 promoter primer in pBluescript and an anti-sense primer Rev5 within nhr-25 exon 3 (Fig. 1A) , subcloned into the XbaI and BamHI sites of vectors pPD.95.75 and pPD95.67, respectively. Construct B NLS was analogically prepared in pPD.95.70 using primer Rev6, placed at the start of the nhr-25 open reading frame (ORF). Construct C included the entire nhr-25 ORF and consisted of the genomic sequence between the XbaI and XhoI sites, spliced with the cDNA of exons 9 and 10, and fused to GFP in vector pPD.95.79 (Fig. 1A) . All of the reporter fusions were veri®ed by restriction mapping and by the sequencing of regions containing PCR products.
For transformation (Mello & Fire 1995) , adult hermaphrodites were microinjected in both gonad arms with 100 ng/mL of plasmid DNA. Transformants were selected under a Leicā uorescent stereomicroscope for many generations, but the constructs were not chromosomally integrated. The GFP expression patterns were observed using a Zeiss¯uorescent microscope.
In situ hybridization
In situ hybridization was performed on wild-type (N2) animals with a digoxigenin labelled yk663g4 cDNA probe as described (http://watson.genes.nig.ac.jp/db/method/index.html).
Mutagenesis and mutant screening
An nhr-25 deletion mutant was isolated in a PCR-based screening after mutagenesis with trimethylpsoralen (TMP) and UV radiation (Jansen et al. 1997) . Animals were grown at 15 8C throughout the screening. Wild-type L4 larvae were immersed for 30 min in 15 mg/mL TMP (Sigma), washed and then irradiated in a UV crosslinker (Stratagene) under 361.5 nm for 1 h. Treated worms were fed on agarose plates seeded with E. coli OP50 for 24 h, then their eggs were recovered by basic hypochlorite treatment and distributed on fresh plates. Grown F1 larvae were divided into about 200 per 6-cm plate. On a total of 120 plates, worms were allowed to reproduce for 8 days, then samples of each plate's population were harvested for DNA preparation and the rest were kept at 15 8C. DNA was extracted by dissolving the worms overnight at 65 8C in 10 mM Tris-HCl (pH 8.0), 50 mM NaCl, 2.5 mM MgCl 2 , 0.45% Tween-20, 0.05% gelatin and 200 mg/mL Proteinase K. After inactivation of Proteinase K (95 8C, 15 min), aliquots of the extracts were pooled in tens, and then 2 mL of each pool were used in 25-mL PCR reactions with sets of nhr-25 speci®c primers. These reactions were then subjected to second-round PCR with appropriate nested primers (Fig. 1A) .
Primers Fw3 and Rev4 ampli®ed a short-size band in a single pool and in one of the unpooled DNA preparations, identifying the plate with nhr-25 mutant worms. The population on this plate was expanded and subjected to two additional rounds of sib selection until the nhr-25 deletion was narrowed down to the progeny of a single worm. Individuals in this progeny were then backcrossed and mated with males of two strains, MT1401 (balancer szT1(X)) and¯r-1(ut11), and stocks were established. The mutant allele obtained is a 2389-bp deletion within nhr-25 and is therefore provisionally referred to as D2389.
Transformation rescue
The 9315 bp XbaI-SpeI segment of the F11C1 cosmid (Fig. 1A) in pBluescript served to supply nhr-25 function. nhr-25(D2389)/¯r-1(ut11) or control adults were injected in both gonad arms with the rescue construct DNA at concentrations of 25, 50 or 100 ng/mL, mixed with 75, 50 and 10 ng/mL, respectively, of plasmid pRF4, carrying the dominant marker rol-6(su1006) (Kramer et al. 1990) . After 12 h, individual worms were allowed to lay eggs on fresh plates and dead embryos and hatched larvae were counted. The rescue was scored directly in the progeny of the injected worms, because the Rol phenotype was not visible and no transformed line could be isolated.
RNA interference
RNA-mediated interference with anti-sense and doublestranded (ds) RNA was employed to disrupt nhr-25 function in vivo . The complementary RNA strands were synthesized from the yk175f2 cDNA in separate reactions with T3 and T7 RNA polymerases, respectively. After DNase treatment, the RNA was phenol/chloroform extracted and precipitated with ethanol. For dsRNAi, 5 mg of each RNA strand were combined in 20 mL of injection buffer (Mello & Fire 1995) and annealed by heating at 68 8C for 10 min and at 37 8C for 30 min. After checking its double-strandedness on a nondenaturing agarose gel, the dsRNA was injected into the gonads of adult hermaphrodites. Antisense RNA was used at the same concentration (10 mg in 20 mL injection buffer).
